Photoacoustics have been widely used for the study of aerosol optical properties. To date, these studies have been performed on particle ensembles, with minimal ability to control for particle size. Here, we present our singleparticle photoacoustic spectrometer. The sensitivity and stability of the instrument is discussed, along with results from two experiments that illustrate the unique capabilities of this instrument. In the first experiment, we present a measurement of the particle size-dependence of the photoacoustic response. Our results confirm previous models of aerosol photoacoustics that had yet to be experimentally tested. The second set of results reveals a size-dependence of photochemical processes within aerosols that results from the nanofocusing of light within individual droplets.
INTRODUCTION
The photoacoustic (PA) effect describes the conversion of modulated light energy into acoustic energy through rapid thermal fluctuation of a light absorbing material. The first reports of the PA effect by Alexander G. Bell in the late 1800s described the generation of sound from macroscopic solids exposed to a modulated white light source.
1 However, limitations in light generation capabilities and detection efficiency hindered development of PA-based technology over much of the ensuing century. This changed in the late 1960s (following the invention of the first ruby lasers) with a rapid development of PA spectroscopy as the basis for highly sensitive analytical methods for both gas and condensed phase materials.
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In this paper, we present the single-particle photoacoustic spectrometer (SP-PAS), with which photoacoustic measurements of single particles ranging in size from 0.3 to 10 µm radius can be made. As has been already noted in the literature, 3-8 single-particle studies benefit from the ability to measure size-dependencies of physical and chemical properties that may be otherwise obscured by ensemble measurements. The combination of the sensitivity of photoacoustic detection with the size-sensitivity of single-particle methods opens up new possibilities for the measurement of physical, optical, and chemical properties in individual droplets, with applications towards atmospheric chemistry, bioanalytics, etc.
In the following sections, we describe the SP-PAS, its design, sensitivity, and capabilities. We conclude with two examples of experiments made possible by this new instrument.
EXPERIMENTAL METHODS
The single particle PA measurements presented here were carried out using a setup that deviated only slightly from a previously published design. 7 The model aerosol studied was a cyano-based dye dissolved in tetraethylene glycol (Vis441/TEG). An intensity-modulated, blue laser was used to excite the electronic transition of Vis441. Additional long term experiments were performed on pure TEG droplets using an intensity-modulated infrared excitation laser at 9.47 µm, which is tuned to the CO absorption of TEG. Operation of the SP-PAS may be separated into three main tasks: (1) sample introduction; (2) particle trapping; (3) excitation and detection of photoacoustic signal. Figure 1 . Schematic of the single-particle photoacoustic spectrometer. A single aerosol droplet is immobilized within the photoacoustic resonance chamber by counter-propagating optical tweezers (red lines). The photoacoustic excitation source is either the 450 nm or the 9.47 µm laser. The photoacoustic response is measured with a microphone mounted inside the resonance chamber. Elastically scattered light from the blue laser by the trapped droplet is recorded with a camera mounted above the photoacoustic cell and is used for particle sizing.
Aerosol generation
Vis441/TEG solution droplets and pure TEG droplets were generated with a medical nebulizer (PARI); bottled nitrogen gas provided a backing pressure of 1.5 bar to the nebulizer. The refractive index at 450 nm of the prepared 4.5 g L −1 Vis441 solution is 1.46 + i0.0062. The refractive index of pure TEG droplets at 9.47 µm is 1.4 + i0.2. A short (≈0.5 s) pulse of aerosol from the nebulizer is carried into the photoacoustic chamber by a controlled nitrogen flow of 2 mL min −1 . From this pulse, a single droplet is captured at random by the optical trap. The remaining aerosol is flushed from the photoacoustic chamber with dry nitrogen gas. During the flushing period, the trapped particle often grows by coagulation with other droplets.
Optical trap
The optical trap (Figure 1 ) is formed by a laser (Laser quantum, Opus 660) operating at a wavelength of 660 nm at 500 mW power. A half-wave plate (HWP) is used to rotate the polarization of the beam to approximately 45
• , after which the beam is split into two, cross-polarized beams with a polarizing beam splitter (PBS); small adjustments in the relative power of the two beams can be made by rotating the HWP. The two beams form a counter-propagating optical tweezer, which can trap effectively using low numerical aperture (NA) lenses, making it compatible with a photoacoustic resonator.
9 Aspherical lenses (L3 and L4) with a focal length of 78 mm form the trap. A microscope objective (Mitutoyo 20X long WD, NA=0.42) mounted above the trap projects an image of the angle-dependent, elastically scattered light 10, 11 from the 450 nm laser onto a CMOS camera (ThorLabs, DCC1545M). These images allow simultaneous monitoring of both particle size and position within the trap.
Photoacoustic measurement
Photoexcitation of the immobilized Vis441/TEG droplets was performed with a 4000 Hz, sine-wave-modulated, 450 nm diode laser (Thorlabs, LP450-SF15) at 1 mW power. TEG droplets were excited at the same modulation frequency using a 9.47 µm distributed feedback, quantum cascade laser (Adtech Optics, CM7-CIA082). The PA response from the droplets is amplified via an acoustic resonance of the PA chamber. 7, 9 The resulting sound wave was picked up by an electret microphone (Knowles, EK 23029) positioned just below the particle and at an antinode of the PA resonator. After preamplification it was digitized by a digital lock-in amplifier (Stanford Research, SRS 830) with a time constant of 100 ms.
RESULTS AND DISCUSSION
The stability, sensitivity, and size-selctivity of the SP-PAS make this analytical setup unique amongst photoacoustic instruments in general, and play a critical role in our ability to probe chemical and physical processes within single droplets. In the following section, the performance of the instrument is first discussed, followed by two examples of experiments that highlight the unique capabilities of this instrument.
Characterization of SP-PAS performance
Two complementary experiments were conducted to characterize instrument performance. In one experiment, the visible light absorption of singly trapped Vis441/TEG droplets was measured. In a second experiment a single TEG droplet was trapped and its absorption at 9.47 µm was monitored to assess long-term droplet stability within the trap.
The SP-PAS combines an optical trap with photoacoustic detection. After amplification, the typical PA signal levels range from tens to hundreds of microvolts (for Vis441/TEG droplets) depending on the size and absorption cross-section of the droplets. The background noise was assessed at 1.8 µV using a lock-in amplifier time constant of 100 ms. This sensitivity enables the measurement of attogram amounts of chromophore, dissolved in droplets smaller than 300 nm, and with a time resolution of less than one second.
The optical trap is composed of two counter-propagating, focused Gaussian beams whose foci intersect at the particle trapping position (Fig. 1) . The trap must be strong enough to counteract external forces that act on the particle, such as aerodynamic drag and photophoretic forces. In the trap, there is always an unavoidable drag force of a few pN arising from the flow of nitrogen used as a purge gas throughout the experiment.
It is critical that the reproducibility of the trapping position is high enough to ensure that the droplets are always trapped inside the excitation beam. The observed positional variability of scattering image on the CMOS camera indicates a trapping stability along the axis of the trapping beams of approximately 10 µm. Variability in trapping position cross-axis is insignificant. Also, when the excitation laser is switched on, the particles experiences new forces and small positional changes can occur.
A result of the small variability in trapping position is that the excitation beam focus has an effect on the signal stability (Fig. 2) . We observe greater scatter in the data collected with a focused excitation beam compared to a beam that is slightly defocused (Fig. 2b) . The source of this scatter is illustrated by the corresponding beam profiles in Fig. 2a . The gray-shaded region indicates the positional variability of the trapped particle with respect to the excitation beam. Clearly, the particle experiences very different light intensities depending on its position within the trapping region. Moving the focus away from the particle flattens the beam profile and reduces the scattering in absorption measurements. Fig. 3 shows the photoacoustic signal from a single particle recorded over many hours. It reveals the particle's response to changes in both the photoacoustic excitation and the droplet's local environment. At event A the infrared (9.47 µm) excitation laser is turned on and the trapped particle is heated, causing it to shrink due to slow evaporation of TEG. This results in a decrease in the photoacoustic signal. When the excitation laser is switched off (events B and D) the particle cools, lowering its vapor pressure and initiating slow growth due to condensation from residual gas phase TEG. 8, 10 This growth is evidenced by a slightly stronger signal at events C and E, when the excitation laser is switched back on. The final stability of the photoacoustic signal between events C and D indicates that the particles has reached a dynamic equilibrium with its gas phase surroundings and is no longer changing. At F the trapping laser is switched off and the particle flushed out. The remaining photoacoustic signal reflects a contribution from the residual gas phase TEG. Flushing the photoacoustic chamber with a high nitrogen gas flow (event G) decreases the signal to the instrument background level. (G). This sequence of events illustrates the long term stability of the trapping and photoacoustic response. There are seven events in total. The first event, A, corresponds to turning on the modulated IR. The subsequent decrease in signal corresponds with shrinking of the TEG droplet. Between events B and C, turning off and on, respectively, of the IR, the droplet increased in size slightly, evidenced by the slightly stronger signal immediately after C compared with the signal just prior to B. Similar behavior is observed through events D and E. After removal of the droplet from the trap (F) a mean background signal of approximately 0.65 µV was recorded. The final event, G, corresponds to an increase in nitrogen gas flow through the photoacoustic cell. The resulting decrease in signal reveals that a photoacoustically active species (likely TEG vapor) remains in the cell even in the absence of a liquid phase droplet.
In conclusion, the main experimental advance is the combination of photoacoustic detection with optical trapping. The demand on the trapping mechanism is a strong restoring force, a high confinement and a reproducible trapping position within a few microns, while still leaving space for an acoustic resonator and imaging optics. These demands are met by our counter-propagating optical tweezers. One of the challenging aspects of the long term experiments is the occurrence of small drifts in the pointing of the trapping lasers. These drifts, as well as changes in particle size, leads to small fluctuations in the trapping position, which, as illustrated earlier (Fig. 2) , result in a decrease in the reproducibility of photoacoustic measurements. Incorporation of active feedback control of the trapping lasers could surmount this challenge.
Size dependence of photoacoustic response
Over the past couple decades, photoacoustic methods have been developed for the measurement of aerosol light absorption.
12-20 Physical models have been developed for the PA process within aerosols 8, [21] [22] [23] [24] to account for the effects of particle thermal inertia upon the droplet PA response. The models indicate a particle size-sensitivity of the PA response, however, this phenomenon has not previously been experimentally verified. The signal stability and sensitivity of our SP-PAS, as described in Sec. 3.1, along with the size-sensitivity afforded by single particle experiments, has enabled the first experimental examination of the effect of particle size upon the photoacoustic response. 8 We examined the photoacoustic response from a series of individual Vis441/TEG particles (Fig. 4) . There is good agreement between our measured response and the model-predicted response over approximately one order of magnitude of particle radius.
These results give an experimental confirmation of the theoretical framework, improving confidence in photoacoustic absorption measurements of fine soot aerosols and opening up the possibility to correct photoacoustic field and laboratory measurements for biases experienced during measurement of light absorption by larger aerosol particles.
Droplet photokinetics
Photochemical processes within the aerosol phase play an important role in the transformation of chemical species, both inorganic and organic, in the atmosphere. 25, 26 Atmospheric modeling efforts that seek to include a photochemical component can benefit from fundamental, laboratory-based measurements of photochemical rates of reaction. However, electric field enhancement within droplets, due optical cavity resonances, 27 could lead to reaction rates within droplets that are increased compared with those measured in the bulk phase. By measuring the time-dependent photoacoustic response from single Vis441/TEG droplets, we were able to determine the photobleaching rates of Vis441 in the particles when exposed to a 450 nm laser. 7 We found a significant dependence of photobleaching rates upon particle radius (Fig. 5) , with particles of approximately 1 µm in radius bleaching at more than twice the rate of larger particles. A model developed to predict the size-dependence of the photobleaching process agrees with our observations. The same model, applied to water droplets over a range of wavelengths (i.e. real-world, atmospheric conditions), indicates rates of photochemical reactions in sub-micron sized droplets of up to 10-fold greater than in bulk solution. This result stresses the importance of accounting for droplet size in global atmospheric chemistry models.
CONCLUSIONS
We have developed an instrument to measure the photoacoustic response from single, optically-trapped aerosol droplets. Careful tuning of the trapping optics and photoacoustic excitation optics have yielded signal sensitivity and stability that allows for detailed investigations of particle physics and chemistry. Using this instrument, we have studied the fundamental physics underlying the photoacoustic process within aerosols, confirming earlier theoretical descriptions of the process. We have also measured, for the first time, an enhancement of photochemical rates of reaction in small droplets compared with bulk reaction rates. This has set the stage for future studies of aerosol physical, chemical, and optical properties that will benefit from the unique features of the instrument.
